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We present the results of muon-spin relaxation (/i + SR) measurements on the kagome staircase 
compounds Ni3V20s and C03V2O8. The magnetic behavior of these materials may be described 
in terms of two inequivalent magnetic ion sites, known as spine sites and cross-tie sites. Our /z + SR 
results allow us to probe each of these sites individually, revealing the distribution of the local 
magnetic fields near these positions. We are able not only to confirm the magnetic structures of 
the various phases proposed on the basis of bulk measurements but also to give an insight into the 
temperature evolution of the local field distribution in each phase. 

PACS numbers: 75.50.Ee, 76.75.+i, 75.40.-s, 75.50.-y 



INTRODUCTION 



Geometric frustration often gives rise to highly degen- 
erate ground state manifolds with unusual spin corre- 
lations. Small perturbations become decisive in lifting 
the degeneracy and may lead to the existence of rich 
phase diagrams^. One of the most studied frustrated sys- 
tems is the two-dimensional (2D) kagome lattice. This is 
formed from corner sharing triangles of spins with equal 
antifcrromagnetic (AFM) interactions between nearest 
neighbours. The expected low temperature spin state 
ranges from a quantum spin liquid for the S = 1/2 
Heisenberg model 2 to \/3 x y/3 long range magnetic or- 
der (LRO) for the classical (S — > 00) case 3 -. Real sys- 
tems approximating the kagome lattice show a variety 
of ground states resulting from the presence of relatively 
weak interactions. Notable examples include S = 3/2 
SrCrgGaaOig which displays a spin liquid phase and 
short range \fi x \/3 order^ 5 -, and the jarosite materials 
whose interlayer Dzyaloshinskii-Moriya interactions give 
rise to a number of commensurate magnetic structures^. 

Another class of material that has been the subject of 
much recent research effort is V3V2O8 (WO), where 
X includes^ Ni (S = 1), Co (S = 3/2) and Cu 
(S = 1/2). This system is a further variant of the 2D 
kagome paradigm, which has attracted attention both 
for its complex magnetic phase s 7 ' 9 ' 10 ! 11 ' 12 ! 13 ' 14 and, in the 
case of AT=Ni, for the appearance of ferroelectricity that 
accompanies one of its magnetic phase transition s 15 ' 16 , 
making it a further example of a multiferroic material 
(for a review of multiferroic behavior, see Ref 17). The 
material is formed from X 2+ spins arranged on buck- 
led kagome planes (which retain the connectivity of nor- 
mal kagome planes) forming so-called kagome staircases 
which are stacked along the crystallographic 6-direction. 
The staircase layers are shown in Fig. [T] The spins in the 
layers may be split into two inequivalent groups: spine 
spins X s (which lie on lines (or spines) running parallel 




FIG. 1: (Color online) Crystal structure of the XVO kagome 
staircase layers showing the sites of X 2+ spine spins (X B ) in 
red and the cross-tie spins (X c ) in blue. 



to the a-direction, where the treads meet the risers of the 
staircase) and cross-tie spins X c (which lie at the centre 
of the treads and risers )2. The most frequently stud- 
ied of the XVO systems have been M3V2O8 (NVO) and 
C03V2O8 (CVO). Despite these materials having identi- 
cal crystal symmetry and similar structural parameters 
their magnetic properties are quite different. Both com- 
pounds are frustrated and it is small perturbations that 
relieve the frustration and therefore determine their be- 
havior. As a result, the nature of the magnetic order of 
the Ni 2+ spins and the Co 2+ spins is different. 

Although the details of the magnetic phases of NVO 
and CVO are complex (see below), some general obser- 
vations may be made on the basis of experiment and 
of theoretical models^ 2 -. The ordering in both materi- 
als involves spin components aligned, for the most part, 
along the a-direction (i.e. parallel to the spines). The 
magnetic structure always involves ordering of the spine 
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spins (and may or may not also involve ordering of the 
cross-tie spins) . For CVO the ordering along each spine is 
ferromagnetic in all phases that show LRO. For NVO, a 
competition between nearest- and next-nearest-neighbors 
(due to alternating Ni-O-Ni bond angles along the stair- 
case) causes the ordering along the spines to be incom- 
mensurate before adopting an antiferromagnetic struc- 
ture at low temperatures. The magnetic ordering of the 
system then follows from the interaction of inter- and in- 
tralayer spines. The separation of the magnetic behavior 
of the spine and cross-tie spins is clearly of central impor- 
tance in elucidating the magnetic properties of this sys- 
tem. The difference between the two materials may, in 
part, be attributed to the magnetocrystalline anisotropy, 
which is found to be far larger in CVO than in NVO^i. 

A range of experimental techniques has been used to 
probe the bulk properties of XVO, most notably neu- 
tron diffraction 9 -*^. However, a study of the local mag- 
netic properties of the system has, hitherto, been lack- 
ing. In this paper we present a zero held muon-spin re- 
laxation (ZF n+SR) study of NVO and CVO. In recent 
years, implanted muons have been successful in probing 
frustration related behavior in several systems from a lo- 
cal viewpoint, allowing new insights into the magnetic 
propertie o 18 i 19 ' 20 i 21 ' 22 i 23 ' 24 ' 25 . Using muons we are able 
to probe the spine and cross-tie magnetic sites individ- 
ually, relating the observed magnetic transitions to the 
behavior at each magnetic site. Our measurements al- 
low us to confirm the magnetic structures inferred on the 
basis of previous neutron studies, as well as to show the 
evolution of the internal magnetic fields of the systems 
as a function of temperature. 



II. EXPERIMENTAL DETAILS 

Polycrystalline samples of NVO and CVO were pre- 
pared by the solid state reaction technique using high 
purity NiO, C02O3 and V2O5 chemicals. Stoichiomet- 
ric quantities were mixed and reacted in air at 850 °C 
for 24 h. The samples were reground and sintered (Co 
compound at 1050°C, Ni compound at 950°C) in air for 
48 h. The phase purity of the polycrystalline samples 
was checked using x-ray powder diffraction. The final 
powders were isostatically pressed into rods of 10 mm 
diameter and length 100 mm. The rods were sintered 
in air at 1050 °C and 950 °C for the Co and Ni com- 
pounds respectively. Crystal growth was achieved using 
an optical floating zone furnace (Crystal System Inc.) at 
a growth speed of ~ 2 mm/h with the seed and feed rods 
counter rotating at 25 rpm in an argon/oxygen mixed gas 
atmosphere. For further details see Ref. |2y. 

ZF /i + SR measurements were made on mosaics of sin- 
gle crystals of NVO and CVO, using the GPS instru- 
ment at the Swiss Muon Source, Paul Scherrer Institute, 
Villigen, Switzerland. Six crystallites of typical volume 
50 mm 3 were aligned on silver foil such that the initial 
muon-spin polarization lay along the b direction. The 



crystal facets facing the muon beam were of typical area 
20 mm 2 and covered approximately 80% of the area illu- 
minated by the muon beam. In a /i + SR experiment, spin- 
polarized positive muons are stopped in a target sample, 
where the muon usually occupies an interstitial position 
in the crystal. The observed property in the experiment 
is the time evolution of the muon spin polarization, the 
behavior of which depends on the local magnetic field 
B at the muon site, and which is proportional to the 
positron asymmetry function 2 - 7 A(t). 

III. NVO 

Detailed studies of NVO involving specific heat, mag- 
netization, magnetic susceptibility and neutron diffrac- 
tion measurements 9 -*^ reveal a complex magnetic phase 
diagram which, in zero applied magnet field, is proposed 
to consist of five phases (See Figs. [5] and [3]). We describe 
these below: 

• Commensurate (C) phase (2.3 < T < 4.0 K): 
An AFM ordered phase where the staggered mag- 
netism is principally directed along the a-direction. 
A weak ferromagnetic moment also exists along c. 

• Commensurate (C) phase (T < 2.3 K): The differ- 
ence between phases C and C is unclear, although 
we note that they are separated by a pronounced 
peak in the heat capacity 9 -*^ at Tec = 2.3 K. 

• Low temperature incommensurate (LTI) phase 
(4.0 < T < 6.3 K): The spin structure is ellipti- 
cally polarized with both spine and cross-tie spins 
in the a-b plane. In this phase ferroelectric order is 
also observable, with a spontaneous electrical po- 
larization parallel to the ^-direction. 

• High temperature incommensurate (HTI) phase 
(6.3 < T < 9.1 K): A further incommensurate 
phase dominated by a longitudinally modulated 
structure with spine spins mainly parallel to the 
a- axis. 

• Paramagnetic (PM) phase (T > 9.1 K) 

The phase transitions at Tph = 9.1 K and Thl = 
6.3 K are continuous, while that at TLc = 4.0 K is 
discontinuous^^. 

Example /i + SR spectra for NVO, measured in each of 
the magnetic phases, are shown in Fig. [5] In all of the 
phases occurring below Tph = 9.1 K we observe oscil- 
lations in the asymmetry spectra. The oscillations are 
characteristic of a quasistatic local magnetic field at the 
muon site, which causes a coherent precession of the spins 
of those muons with a component of their spin polariza- 
tion perpendicular to this local field; their presence pro- 
vides strong evidence for the existence of LRO in these 
phases, in agreement with previous neutron diffraction 
measurement a 9 ' 10 . The frequency of the oscillations is 
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FIG. 2: ZF ^t + SR spectra for NVO measured at temperatures 
(a) T = 1.60 K, (b) 3.85 K, (c) 4.34 K, (d) 6.77 K (HTI )and 
9.88 K (PM), with fits as described in the main text. 



given by z/j = 7 M £?i/27r, where 7 M is the muon gyromag- 
netic ratio (= 2n x 135.5 MHz T _1 ) and Bi is the local 
field at the ith muon site. In the presence of a distribu- 
tion of local magnetic fields the oscillations are expected 
to relax. The nature of the oscillations and their relax- 
ation differ in different regions of the phase diagram of 
NVO, allowing an insight into the local magnetic field 
distribution and its correlations in each of the phases. 
We describe the muon response to each phase in detail 
below. 



A. C and C phases 

Example spectra measured in the C and C phases are 
shown in Fig. [^a) and (b). The measured spectra are 
found to be similar in these two phases and may be de- 
scribed with the same relaxation function. The observed 
oscillations in these phases demonstrate the existence of 
a narrow distribution of the magnitudes of the static lo- 



cal magnetic fields at symmetry-related muon sites in the 
crystal, associated with LRO. These oscillations are ob- 
served at two distinct frequencies corresponding to two 
sets of magnetically inequivalent muon sites in the mate- 
rial. Fitting the oscillations requires the inclusion of con- 
stant phase offsets & , which took the values <\>\ = —76.2° 
and 02 = -64.4° (see Eq. □ below) . 

A successful model of the measured spectra also re- 
quires the inclusion of a purely relaxing component 
cxp(— Aat). Irrespective of crystal orientation, the fact 
that the muon couples to dipole fields means that, in ad- 
dition to the large magnetic field components directed 
perpendicular to the muon spin, there may also exist 
components parallel to the muon spin. These will give 
rise to non-oscillatory components in the /z + SR spectra. 
An exponentially relaxing component will often arise due 
to dynamic fluctuations in the local magnetic field distri- 
bution experienced by the muon ensemble 2 ®. 

The spectra were well described across the measured 
temperature range with the resulting functional form 

A(t) = Ai exp(-Aii) cos(27ri/it + 0i) (1) 

+ A 2 CXp(-A 2 t) C0S(27W 2 < + 02 ) 

+ A 3 cxp(-\ 3 t) +A hg , 

where Ab g represents a constant background contribu- 
tion from those muons that stop in the sample holder or 
cryostat tail. This parameter takes the constant value 
Ab g = 8.46% in all phases of NVO. The amplitudes were 
found to be constant in this temperature regime, tak- 
ing the values, A x = 8.52, A 2 = 1.99, A 3 = 2.57%. 
The frequencies were found to be in a constant ratio 
v\lv2 = 0.711 and were fixed as such in the fitting pro- 
cedure. 

The results of the fitting procedure are shown in 
Fig-EI a ) an d (b), where we see that the frequencies v\$, 
vary continuously across Tec showing a tendency to 
decrease with increasing temperature. We also note the 
suggestion of a minimum in the frequencies at around 
3.5 K. The relaxation rates Ai ; 2 associated with the os- 
cillatory components show little variation at low temper- 
atures but increase sharply as Tec is approached from 
below. The relaxation rate A3 also shows an increase as 
T is increased within the C phase but shows a maximum 
around T ~ 3.5 K. 

The need for nonzero phases 0i,2 is probably due to the 
difficulty in modelling the early time part of the asymme- 
try spectrum. More significantly, the presence of nonzero 
phases is often a signature of an incommensurate com- 
ponent of the magnetic order (see below). A small in- 
commensurate contribution was identified from neutron 
diffraction measurements^ on cooling, although this was 
shown to be metastable and suppressed by magnetic field 
cycling. 

No dramatic change of behavior is observed at the 
phase boundary of the C and C phases at temperature 
Tqc = 2.1 K. The C phase is only distinguished from the 
C phase in our measurements by the increased influence 
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of fluctuations in the oscillating components (reflected by 
increased relaxation rates Ai^) and by the maximum in 
the purely relaxing component with relaxation rate A3. 
It should be noted, however, that the increase in relax- 
ation rates may be ascribed to the approach to the phase 
transition at temperature Tlc = 4.0 K rather than to an 
intrinsic difference between the C and C phases. 



B. LTI phase 

A sample spectrum measured in the LTI phase is shown 
in Fig. Hfc) where oscillations are again apparent. The 
oscillations in the LTI phase are no longer well modelled 
by simple cosinusoidal oscillations; instead, they are best 
described with the use of zeroth order Bessel functions 
Jo(27wi). This form is expected in cases of incommensu- 
rate magnetic order— where the magnitude of the mag- 
netic field at the muon site shows a single wavevector 
modulation B(r) — £?osin(k • r). In this case the distri- 
bution of magnetic fields at the muon sites is 



p(B) = - 



1 



(2) 



*y/l- (B/B0) 2 
yielding a response from the muon ensemble given by 

A(t) ~ J p(B) cos{^Bt)dB = J (2irvi), (3) 

where v — 7 M i?o- Although the spin distribution in the 
LTI phase has been shown to be helical^, the magnitudes 
of magnetic fields at the muon sites are reasonably de- 
scribed by Eq.©. 

As in the C and C phases, two oscillatory frequencies 
are observed, so two Bessel function components were 
required to model the data. The data also included a 
purely relaxing exponential component to which we as- 
sign relaxation rate A3. The spectra in this phase were 
fitted to the resulting relaxation function 



A(t) = AiJ (27Ti/ 1 t)exp(-Ait) 
+ A 2 Ju{2nv2t)eyLv{-\ 2 t) 
+ A 3 exp(-A 3 *) +A bg . 



(4) 



As in the C and C phases, the amplitudes were found 
to take constant values (in this phase A\ — 7.15, A 2 — 
8.22 and A3 = 1.86%). The relaxation rates were allowed 
to vary, except for A 3 which was found to be relatively 
small and approximately constant in this temperature 
range and was fixed at a value of A3 = 1.10 MHz. 

The frequency v\ (Fig. E^a)) decreases slowly in this 
phase. In contrast, v 2 shows a more dramatic variation, 
tending to zero as T — > Thl in the manner of a contin- 
uous phase transition. Fitting the frequency v% to the 
phenomenological form v(T) = v(T hC )(l - {T/T RL ) a )' 3 , 
with2£ a = 3, gives v(T LG ) = 18.6(4) MHz, (3 = 0.36(4) 
and yields an estimate for the transition temperature 



?hl = 6.36(5) K. Our estimate for Thl is in agree- 
ment with that of the previous magnetic measurements^. 
The temperature evolution of the relaxation rates Ai,2 is 
shown in Fig. [S^c). We see that the relaxation rate Ai 
(associated with the slowly varying frequency v\) shows 
little variation across the measured temperature regime. 
Relaxation rate A2, on the other hand (associated with 
the decreasing frequency v 2 ) , increases sharply as Thl is 
approached from below. This sharp rise is also indicative 
of a phase transition, and may arise due to the onset of 
critical fluctuations in the order parameter. 



C. HTI phase 

An example spectrum measured in the HTI phase is 
shown in Fig. H£d). The spectra in this regime consist 
of an oscillating component along with a significant re- 
laxing component. Zeroth order Bessel functions are no 
longer effective in describing the oscillatory component 
of the spectra, reflecting the change in magnetic struc- 
ture that occurs at Thl- As the temperature approaches 
Tph the relaxation rate becomes sufficiently small to re- 
solve the lineshape of the relaxing component, which is 
found to be Gaussian. Formally, a broad distribution of 
local magnetic fields at the muon site leads to the occur- 
rence of the Kubo-Toyabe (KT) function^, and this is 
well approximated by a Gaussian function at early times 
with relaxation rate^L a = 7^ '((B - (B)) 2 )/2. It is 
likely therefore that the relaxing component seen in this 
regime reflects a broad distribution of magnetic fields at 
one set of muon sites. The measured spectra were fitted 
to the relaxation function 



A(t) = Ax exp(-Ai) cos(27wi£ + <f>\) 

+ A 2 exp(-cr 2 t 2 ) + A 3 exp(-A 3 i) + A bg 



(5) 



For the fitting procedure, the amplitudes were found to 
take constant values A\ = 4.19, A 2 = 10.4 and A3 = 
2.73%, while the relaxation rates Ai took the values Ai 
00)4 MHz, A 3 = 0.37 MHz. 

The evolution of v\ and a are shown in Fig. [3ja) and 
(d) respectively. The frequency v\ is seen to decrease 
with increasing temperature tending to zero as Tph is 
approached from below. Fitting the frequency v\ to the 
form v{T) = ^(T HL )(1 - (T/T PH ) a f, with a = 3, gives 
i/(0) = 23.1(2) MHz, 13 = 0.24(1) and yields an esti- 
mate for the transition temperature Tph = 9.26(3) K. 
The relaxation rate a is seen to decrease with increasing 
temperature. 



D. PM phase 

In the PM phase we no longer observe oscillations, with 
the measured spectra being well described by a single 
relaxing component, 



A(t) = Ai exp(-A 4 <) + A t 



(6) 
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FIG. 3: Results of fitting the measured data of NVO to Eqs.([T][4]and[5]). ( a ) Muon precession frequencies v\ (closed circles) and 
vi (open circles), (b) and (c) Relaxation rates Ai (closed circles), A2 (open circles) and A3 (closed triangles), (d) Relaxation 
rate a. (Note that solid lines separate the panels; dashed lines show the temperatures of the reported phase transitions.) 



This behaviour is typical of magnetic fluctuations of a 
paramagnetic material. 



E. Discussion 

The fact that there are two magnetically distinct Ni 2+ 
positions in NVO is key to understanding the /i + SR re- 
sults. The observation of two distinct, temperature de- 
pendent signals in each of the phases below Tpu is con- 
sistent with the existence of two sets of magnetically in- 
equivalent muon sites in the crystal. A clue to the origin 
of the two sets of muon sites is seen by noting that one 



difference between the Ni 2+ positions in the HTI and LTI 
phases^ is that and the moment on the cross-tie spins 
vanish as the system is warmed through the transition at 
Thl- It is likely, therefore, that the component of the 
/i + SR signal with amplitude A2 arises due to magneti- 
cally similar muon sites that are strongly coupled to the 
cross-tie Ni c sites. Since the frequency v\ persists up to 
a temperature Tpjj, it is probable that the component 
of the signal with amplitude A\ arises due to muon sites 
which are strongly coupled to the spine Ni s sites. 

In the C and C phases where there is a nonzero mo- 
ment at both sites we observe oscillations at two dis- 
tinct frequencies. The larger of these, y±, corresponds to 
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sites near the Ni s spins and the smaller, v^, to sites near 
Ni c spins. We again observe two frequencies in the LTI 
phase, but here the cross-tie frequency decreases strongly 
as T is increased. The muon results are therefore unique 
in allowing us to observe the continuous decrease of the 
magnitude of the magnetic moments at the cross-tie sites 
followed by the phase transition associated with these 
spins that occurs at Thl- In the HTI phase there is no 
quasistatic order at the cross-tie sites, so instead of os- 
cillations we observe a Gaussian signal, characteristic of 
a random distribution of static magnetic fields at these 
positions. The order at the spine sites persists, how- 
ever, leading to a coexistence of oscillations with the 
Gaussian relaxation. Comparing the critical parame- 
ters estimated from the behaviour of the two frequen- 
cies, we see that the transition associated with the Ni c 
spins, with f3 = 0.36(4), appears more three-dimensional 
than that associated with the Ni s spins which occurs with 
(3 = 0.24(1). 

The decrease in the Gaussian relaxation rate a also 
suggests that the second moment of the local field probed 
by the muons at the cross-tie sites decreases with increas- 
ing temperature in the HTI phase. Since it is unlikely 
that this distribution is narrowing with increasing tem- 
perature, it is likely that the magnitude of the local field 
distribution is decreasing. This effect has been observed 
before in /i + SR studies where two magnetic subsystems 
have been found to coexist in a material 32 . We see there- 
fore that in the HTI phase the local field at both the 
spine and cross-tie sites decreases with increasing tem- 
perature, although in this case only the spine sites are 
ordered. 

For a polycrystalline sample the amplitude of a com- 
ponent in the /i + SR spectrum should correspond to the 
number of muon sites coupled to the spin system giv- 
ing rise to that signal. In this case we would perhaps 
expect A\ to be double A 2 in all phases since there are 
twice as many spine sites as cross-tie sites in the XVO 
structure. In a single crystal sample (as was used in this 
study) this will not necessarily be the case since there will 
potentially be different components of each local field dis- 
tribution directed perpendicular to the initial muon spin 
(giving rise to oscillations) and parallel (giving rise to 
a non-oscillatory amplitude). Furthermore, a change in 
magnetic structure will potentially alter the proportions 
of local magnetic field directed perpendicular and par- 
allel to the initial muon-spin direction. This effect will 
be dependent on the exact position of the muon site and 
hence will give rise to a nontrivial variation of the am- 
plitudes in different phases. It is therefore difficult to 
draw conclusions from the component amplitudes in the 
different phases. 



IV. cvo 

We now turn our attention to CVO, for which spe- 
cific heatii, magnetizatio n 11 ! 13 and neutron diffraction 



measurement a 12 i reveal another complex phase dia- 
gram, consisting of six phases which we describe below 
(see Figs. H] and [5]). 

• Ferromagnetic (FM) phase (T < 6.2 K): The mag- 
netic structure has moments on the spine and cross- 
tie sites of 2.73 /ib and 1.54 /xb respectively, ordered 
along the a-directior>i£. 

• Antiferromagnetic (AFM') phase (6.2 < T < 
6.5 K): A commensurate antiferromagnetic struc- 
ture exists over a small temperature range, where 
the ordering may be described by a wavevector 
(0,(5,0), with S = 1/3. 

• Incommensurate (IM') phase (6.5 < T < 6.8 K): 
The structure is incommensurate in another simi- 
larly narrow temperature range and cannot be de- 
scribed by a simple sinusoidal modulation. 

• Commensurate antiferromagnetic phase (AFM) 
(6.9 < T < 8.6 K): In this phase the ordering 
may be described by the wavevector (0,(5,0), with 
5 = 1/2. The magnetic structure is characterised 
by ferromagnetic layers with moments on the spine 
and cross-tie sites of 1.39 and 1.17 /is respec- 
tively, ordered along the a-dircction. These alter- 
nate with antiferromagnetic layers where the spine 
site has an ordered moment of 2.55 /is, while the 
cross-tie spins are frustrated and carry no ordered 
moment. 

• Incommensurate phase (IM) (8.6 < T < 11.3 K): 
A spin density wave state with ordering wavevector 
(0,<5(T),0) and spin direction along the a-direction. 
The component 5(T) is seen to decrease with de- 
creasing temperature from 5(11.3 K) = 0.55 to 
5(8.6 K) = 1/2. 

• Paramagnetic (PM) phase (T > 11.3 K). 

The transition to the ferromagnetic phase at Ta'f = 
6.2 K was found to be discontinuous^ 2 .. In our study 
we have chosen to concentrate on the FM, AFM and IM 
phases and example spectra measured in each of these 
phases are shown in Fig. 0] In all of these phases we ob- 
serve oscillations in the positron asymmetry spectra. As 
in the case of NVO, the nature of the oscillations varies 
across the phase diagram, revealing the differences in the 
local magnetic field distributions in each phase. 

A. FM phase 

An example spectrum measured in the FM phase is 
shown in Fig. BJa). We find that the ^i + SR signal is 
comprised of two oscillating components and a single re- 
laxing component. We may therefor use Eq.fT]) to fit the 
measured data in this phase, where A^ g takes the value 
Ab g = 2.0% for CVO. The amplitudes were fixed at the 
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FIG. 4: ZF /z + SR spectra for CVO measured at temperatures 
(a) T = 3.50 K, (b) 7.30 K, (c) 9.40 K. Fits are shown to 
Eqs. JT] [7] and [U (see main text). 



values A\ — 3.5, A 2 — 6.3 and A3 — 1.83%, while the 
relaxation rates were Ai = 2.0 MHz, A 2 = 0.5 MHz and 
A3 « 0.1 MHz. Nonzero phases were again required to 
fit the oscillations, with fa = —63°. More significantly, a 
successful fit could only be achieved if fa was allowed to 
vary with temperature, following an approximately lin- 
ear variation given by fa — 35. 8T — 227, where fa is in 
degrees and T in K. Fits to Eq.((T]) yield the frequencies 
shown in Fig. [5l where we see that v\ remains approxi- 
mately constant in this phase, while V2 decreases as Ta'f 
is approached from below. 



B. AFM phase 

An example spectrum measured in the AFM phase is 
shown in Fig. 01b). I n this phase the spectra are de- 
scribed by three frequencies, suggesting three magneti- 
cally inequivalent muon sites. The spectra were fitted to 
the function 



A(t) = Ai exp(— Ait) cos(27r^it 
+ A 2 exp(— X 2 t) cos(27r^2*' 
+ A3 exp(— X 3 t) cos(27r^ 3 t 



(7) 



The amplitudes took the constant values A\ = 5.3, A2 
4.3 and A3 — 3.0 %, while the phases took values fa 
-34°, fa = -70° and fa = -46°. 
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FIG. 5: Muon precession frequencies v\ (closed circles), 
(open circles) and 1/3 (closed triangles) for CVO, obtained 
from fits of the measured data to Eqs. (|ll7l andl8|). 



The results of fitting the spectra to Eq. [7] are shown 
in Fig. [5] Comparing the frequencies across the phase 
boundary at Taf, we see that the frequencies v\ and v% 
appear continuous across the phase boundary, while v 3 
emerges at a high frequency. 



C. IM phase 

An example spectrum measured in the IM phase is 
shown in Fig. [Jc). In this phase only one frequency is 
observed, along with a purely relaxing component. The 
data were fit to the function 



A(t) = A\ exp(— \\t) cos(27T!/i£ 
+ J 4 2 exp(-A 2 i) + A bg - 



(8) 



In this case the amplitudes were given by A\ — 11.8% 
and A 2 = 5.6%, while fa = -93° and A 2 = 0.32 MHz. 



D. Discussion 

The model for NVO of two sets of muon sites, with each 
strongly coupled to one of the two inequivalent magnet 
positions, also explains the results of our measurements 
on CVO. 

In the FM phase, where there is an ordered moment 
on both spine (2.73 /zb) and cross tie (1.54 /zb) spins 
we obtain two oscillations, where we might expect that 
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the larger frequency v\ arises from those muon sites ly- 
ing close to the Co s spins and the smaller i/ 2 from muon 
sites near Co c spins. The AFM phase in CVO is unusual 
in that all spine sites are no longer equivalent and all 
cross tie sites are also no longer equivalent. Instead we 
have alternating ferromagnetically (FM) and AFM cou- 
pled staircase layers. Within the FM coupled layers all 
Co s spins (1.39 /j,b) and Co c spins (1.17 /zb) are aligned 
along the a-directior>i2. Within the AFM coupled layers, 
the spines of Co s spins (2.55 /xb) have ordered moments 
that lie parallel or antiparrallel to a (alternating along 
the staircase in the c-direction), while Co c spins have no 
ordered moment. This leads, from the muon's point of 
view, to four inequivalent magnetic environments (since 
the muon is insensitive to the direction of the spine spin 
ordering). The disordered Co c spins within the AFM 
layers do not lead to a resolvable relaxation of the muon 
spin. It is likely that these fluctuating moments are out- 
side the muon time window and therefore are motionally 
narrowed from the spectrum. The three ordered sites 
then give rise to the three oscillatory signals observed. 
From the size of the moments found from the neutron 
studies^, we assign v\ to spine sites within the FM lay- 
ers, V2 to cross-tie sites within the FM layers and the 
larger frequency v% to the spine sites within the AFM 
layers. 

The variation of cf>2 in the FM phase as the AFM phase 
is approached suggests that there is a continuous change 
in the distribution of local fields at the muon sites near 
Co c spins as a function of temperature. This is most 
likely due to the nature of the transition between the FM 
and AFM phases. We see a continuous decrease in the lo- 
cal magnetic field near the Co c spins, but it is likely that 
this differs in alternating layers depending on whether 
the Co c spin lies on a layer that becomes FM coupled or 
AFM coupled in the AFM phases. It follows that Co c 
spins on layers becoming AFM coupled will show a far 
larger decrease in magnitude than those on FM layers. 
As a result the two sites become more inequivalent with 
increasing temperature, changing the distribution of local 
magnetic fields and thus causing fa to vary. 

In the IM phase, the magnetic structure is incommen- 
surate and described by (0, 8, 0), with 8 > 0.5 for all 
spins. As a result, only one precession frequency is ob- 
served in our measurements. Since the two subsets of 
muon site are unlikely to lie an equal distance from a 
Co s spin or a Co c spin the contributions from them in 



an incommensurate structure will be different. The re- 
sulting distribution of magnetic fields at the muon site 
will be more complicated than that considered in section 
IIIIBI and so we should not expect a signal that could 
be well described by a zero order Bessel function. This 
does not appear to be the case in the LTI phase of NVO, 
where the order of the Ni s and Ni c spins gives rise to 
independent components in the /x + SR spectra. 

From our measurements CVO appears to be a less clear 
case than NVO and it is possible that the situation may 
be more complicated than is considered here. Further 
work is required to elucidate this system further. 



V. CONCLUSIONS 

We have carried out a detailed study of the kagome 
staircase compounds A3V2O8 (X =Ni and Co) using im- 
planted muons. Two sets of muon sites occur in each 
compound, one set near the spine spins and one near 
the cross-tie spins, allowing us to probe the two spin en- 
vironments separately. Our results lend additional ex- 
perimental support to the proposed models of magnetic 
structure for both NVO and CVO and, in addition, allow 
us to follow the temperature evolution of the local field 
distribution across the magnetic phase diagrams. In the 
case of NVO the continuous phase transitions are associ- 
ated with a continuous decrease in one of the two subsets 
of spins. The transition at Tlc, where both maintain a 
nonzero value, is discontinuous and is manifested in the 
spin dynamics of the local magnetic fields. In the HTI 
phase, the local field at both the spine and cross-tie sites 
decreases with increasing temperature, although in this 
case only the spine-site spins are ordered. For CVO the 
evolution of the separate subsets of spins is more com- 
plex but provides additional experimental evidence for 
the magnetic transitions deduced from previous studies. 
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